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Abstract Periplasmic binding proteins from Gram-negative
bacteria possess a common architecture, comprised of two do-
mains linked by a hinge region, a fold which they share with the
neurotransmitter-binding domains of ionotropic glutamate re-
ceptors (GluRs). Glutamine-binding protein (GlnBP) is one
such protein, whose crystal structure has been solved in both
open and closed forms. Multi-nanosecond molecular dynamics
simulations have been used to explore motions about the hinge
region and how they are altered by ligand binding. Glutamine
binding is seen to signi¢cantly reduce inter-domain motions
about the hinge region. Essential dynamics analysis of inter-
domain motion revealed the presence of both hinge-bending
and twisting motions, as has been reported for a related sug-
ar-binding protein. Signi¢cantly, the in£uence of the ligand on
GlnBP dynamics is similar to that previously observed in simu-
lations of rat glutamate receptor (GluR2) ligand-binding do-
main. The essential dynamics analysis of GlnBP also revealed
a third class of motion which suggests a mechanism for signal
transmission in GluRs.
) 2003 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction
It has long been recognised that ligand binding at domain
interfaces may lead to signi¢cant changes in equilibrium con-
formation [1]. This has been suggested to play a role in e.g.
initiation of signal transduction in neurotransmitter receptor
and related proteins (see for example [2]). More recently, de-
velopments in molecular dynamics (MD) simulations [3] have
enabled simulations to probe changes in interdomain dynam-
ics coupled to ligand-induced changes in equilibrium confor-
mation [4]. Such changes in dynamics may play a signi¢cant
role in signal transmission within ligand-binding proteins.
However, in order to test this hypothesis further, simulations
are needed for a wider range of proteins than the relatively
small number of neurotransmitter receptor domains for which
X-ray structures are known. Fortunately, X-ray structures are
known for a number of water-soluble ligand-binding proteins
that share a common fold with neurotransmitter receptors.
For example, a snail acetylcholine-binding protein [5] has a
similar fold to the neurotransmitter-binding domain of the
nicotinic acetylcholine receptor [6,7], and bacterial periplasmic
binding proteins are homologous to the extracellular ligand-
binding domain of rat and bacterial ionotropic glutamate re-
ceptors (GluRs) and N-methyl-D-aspartate receptors [8^11].
The cell envelope of Gram-negative bacteria, consisting of
an outer membrane and an inner membrane in between which
lies the periplasmic space, contains a number of complex
transport systems [12,13]. To a ¢rst approximation, the outer
membrane may be thought of as a passive molecular sieve.
The inner membrane contains numerous active transporters
for a wide range of low molecular weight compounds [14].
Periplasmic binding proteins are small (V250 residues) ‘shut-
tle’ proteins that carry low molecular weight ligands from the
outer to the inner membrane. Upon ligand binding, periplas-
mic binding proteins change conformation such that they are
subsequently recognised by a speci¢c inner membrane trans-
porter [15^17]. The X-ray structures of more than a dozen
periplasmic binding proteins are known. These structures
share a similar fold containing two distinct domains linked
by a molecular hinge [1].
The structure of the glutamine-binding protein (GlnBP)
from Escherichia coli is representative of the periplasmic bind-
ing proteins, and is closely related (and binds a similar ligand)
to the comparable domains of mammalian and bacterial
GluRs [18]. It is classi¢ed in the same SCOP [19] family (phos-
phate-binding protein-like) as human GluR2, but shares only
17% identity with the latter protein. In the GlnBP, binding of
glutamine at a site between two domains causes a change in
static equilibrium conformation corresponding to a closure of
the two domains around the ligand (Fig. 1). By comparison
with X-ray structures of sugar-binding proteins the closed
form of the protein may also exist in the absence of ligand
[20]. However, in the absence of ligand, it is thought that the
open state(s) will predominate. Thus, it is suggested that both
forms (and possibly intermediate states) are present in an
equilibrium that is shifted towards the closed form upon li-
gand binding [21].
The crystal structures provide static snapshots of the two
end-states of this equilibrium. To more fully understand the
mechanism of ligand-induced conformational change one
would also like to characterise the structural dynamics of
the transition. In this paper we have used relatively long
(V5 ns) MD simulations to compare the nature of motions
about the inter-domain hinge in di¡erent states of GlnBP,
revealing the dependence of the conformation dynamics on
the presence or absence of bound ligand. Although a simula-
tion time of V5 ns is too short to observe repeated opening
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and closing of GlnBP the rate of closure of related periplasmic
binding proteins has been estimated to be V2U108 s31 (i.e.
equivalent toV5 ns) [23]. Thus we might expect to observe at
least some relevant aspects of GlnBP dynamics in 5 ns simu-
lations. In particular, our simulations show that the hinge
mechanism is more complex than one might at ¢rst assume,
and suggest a possible conservation of structural dynamics
that is relevant to the evolution of signal transduction in li-
gand-gated GluRs [2].
2. Materials and methods
Crystal structures are known for GlnBP with glutamine bound [21]
(1WDN; closed conformation ^ see Fig. 1) and in an open apo form
([8] 1GGG). A closed apo state structure was generated by removing
the bound glutamine from the ligand-bound structure (1WDN). To
aid future comparisons all three co-ordinate sets were truncated to the
shortest length protein (that of 1GGG) resulting in structures from
Leu5 to Glu224. The N- and C-termini were acetylated and amidated
respectively.
In preparation for MD simulations, each protein was placed in the
centre of a box of approximate dimensions 80U80U80 AO . Water
molecules present within the X-ray structure were retained and
c. 15 900 additional SPC [24] water molecules were added to ¢ll the
box. This yielded total system sizes of c. 50 000 atoms. All protein
side chains were assumed to be in their default ionisation states based
on pKa calculations [25]. Sodium counterions were added to each
simulation box to maintain electroneutrality.
All simulations were performed with GROMACS v3.0.3 [26]. Sim-
ulations were performed in the NPT ensemble, at a temperature of
300 K maintained using a Berendsen thermostat [27] with a coupling
constant of 0.1 ps. Protein and water/ions were coupled independent-
ly. Pressure coupling used the Berendsen barostat with a coupling
constant of 1.0 ps. Long-range electrostatic interactions were calcu-
lated using the particle mesh Ewald method [28] with a 10 AO cut-o¡.
The LINCS algorithm [29] was used to restrain bond lengths. Each
system was energy minimised followed by a short 200 ps simulation
during which the protein, and if present ligand, non-hydrogen atoms
were harmonically restrained with a force constant of 1000 kJ/mol/AO 2.
All restraints were then removed and each simulation was run for 6 ns,
saving co-ordinates and velocities every 5 ps for subsequent analysis.
Typical CPU times on dual processor Intel Pentium III PCs running
Linux kernel 2.4.18smp were 7 days per ns. As discussed below the
¢rst nanosecond of each simulation is treated as an equilibration
period and for most of the analysis only the ¢nal 5 ns of simulation
is considered.
Figures were rendered with Molscript [30], MOLMOL [31], Ras-
ter3D [32] and POV-ray [33].
3. Results and discussion
3.1. Molecular dynamics
An initial evaluation of structural drift is provided by anal-
ysis of the CK atom root mean square deviations (RMSDs)
from the initial structures as a function of time (Fig. 2A).
Each simulation shows an initial jump (within c. 0.1 ns) of
c. 1 AO (typical of such simulations and probably correspond-
ing to small relaxation of the protein following release from
its crystallographic environment), followed by longer length
scale and time scale drift and/or £uctuations. It can be seen in
Fig. 2A that for most of the time the RMSD for all three
simulations is similar (between 2 and 5 ns) around 2 AO . Be-
tween 5 and 6 ns there are increases in £uctuations in all three
simulations, though the apo seems to £uctuate slightly more.
In contrast, the closed-ligand simulation exhibits smaller £uc-
tuations. The peak £uctuations for all three simulations at 1 ns
are similar in magnitude to those near the end of the simu-
lation time. The trend in mobility from low (closed-ligand) to
high (open-apo) can be visualised via examination of super-
imposed CK traces (Fig. 2B).
Visual examination of the simulation trajectories alongside
¢tting structures on one domain and examining the time-de-
pendent RMSD of the other domain suggested that one of the
loops (Ala96 to Lys110, highlighted in Fig. 1) exhibited sub-
stantial motions. To quantify this further, we evaluated the
root mean square £uctuation (RMSF) of each CK as a func-
tion of residue number (Fig. 2C). (Note that for this and all
subsequent analyses data were taken from the last 5 ns of each
simulation, omitting the ¢rst nanosecond.) The results of the
RMSF analysis indicated that in both the open-apo and the
closed-apo conformations there were signi¢cant £uctuations
centred around residues 96^110. In contrast, the ligand-bound
form exhibited £uctuations around residues 18^24, 147^149
and 167^171. Both regions correspond to surface-exposed
loops that have been postulated to play a role in receptor
binding [21]. Conversely, there are three distinct regions where
the open-apo and the closed-apo simulations both exhibit
larger £uctuations than the closed-ligand simulation: the re-
gion around residue 10, residues 45^60 and residues 110^140.
Fig. 1. The open (1GGG) and closed (1WDN) conformations of
GlnBP as sampled by X-ray crystallographic studies. The proposed
hinge-bending motion is indicated by the grey arrow, and bound
glutamine is shown in space¢ll. The location of a large dynamic
loop (see text) between residues Ala96 and Lys110 is also indicated.
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These regions form the ‘jaws’ of the protein and furthermore
contain the so-called doorkeeper residues thought to be im-
portant in maintaining access to the ligand-binding site [21].
In addition we analysed the secondary structure versus time
(data not shown) and this was found to be stable throughout
6
Fig. 2. A: RMSD of the CK atoms relative to the initial conforma-
tion for all three simulations: closed-ligand (solid black line), open-
apo (dashed black line), closed-apo (solid grey line). B: Superim-
posed snapshots (every 0.5 ns from 1 to 6 ns) of the CK traces for
all three simulations. In each case, to highlight the nature of the
motions, the superimposition of the structures has been on the
upper (large) domain CK atoms. C: RMSF for the closed-ligand
(solid black line), open-apo (dashed black line) and closed-apo (sol-
id grey line). The highly mobile loop between 97 and 106 is high-
lighted, as are residues at positions 22, 150 and 171 which have a
noticeable increase in RMSF compared for the closed-ligand simula-
tions compared to the apo simulations. Conversely, regions that
possess a higher degree of £uctuation in the absence of ligand are
also highlighted but speci¢cally, the regions around residues 10, 45^
60 and 110^140. Note that the ‘doorkeeper residues’ (Asp10 and
Lys115) are contained within these regions.
Fig. 3. A: Hinge-bending angle analysis of the three simulations.
The hinge angle is de¢ned as that formed by the centres of mass of
the two domains and a central pivot point (de¢ned as the centre of
mass of the CK atoms of Ser88 and Ala182). B: Hinge-bending
analysis for the open-apo simulation from the trajectories ¢ltered
along the ¢rst three eigenvectors. Dashed black line is eigenvector 1,
solid black line is eigenvector 2 and solid grey line is eigenvector 3.
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the length of the simulation indicating that after the ¢rst
nanosecond the majority of the motion appears to results
from domain motion with respect to the other domain.
The principal conformational change proposed for the
GlnBP and related periplasmic binding proteins is a simple
hinge-bending motion [8,21]. Although one might not expect
to fully sample such motions within a V5 ns simulation, we
did observe quite large motions in the open-apo simulation
and so decided to examine the time dependence of hinge bend-
ing, calculated as the angle from the centre of mass of one
domain to the suggested hinge residues (Ser88 and Ala182) to
the centre of mass of the second domain. It is evident (Fig. 3)
that the closed-apo and closed-ligand simulations exhibit not
only a smaller mean hinge angle but also smaller hinge angle
£uctuations than for the open-apo simulations. Comparison
of the hinge angle standard deviations (3.9‡, 2.4‡ and 1.7‡
respectively) suggests the order of the magnitude of movement
is open-apoEclosed-apos closed-ligand. The essential dy-
namics analysis (described below) revealed that most of the
of hinge-bending motion can be ascribed to one particular
eigenvector (the second one) as shown in Fig. 3B. Additional
calculations of the inter-domain distance and radius of gyra-
tion versus time (not shown) gave similar plots.
3.2. Hydrogen bonding
In order to more fully characterise the di¡erences in con-
formational dynamics we have examined the time-dependent
patterns of hydrogen bonding in our simulations. During the
closed-ligand simulation, the majority of hydrogen bonds re-
ported in the crystal structure were maintained, and the over-
all number across the duration of the simulation was constant
(with a mean value of 10). We also examined (see Fig. 4) the
behaviour of three extra hydrogen bonds reported in the
X-ray structure of the closed form (Tyr86:N^Gln184:OO1 ;
Lys87:N^Gln184:OO1 ; and Ser88:OQ^Tyr185:OH) which are
suggested to confer rigidity on the hinge (see summary in
Table 1). We did not observe a persistent Lys87:N^Gln84:OO1
hydrogen bond in any of our simulations. Visual inspection
suggested that this potential interaction corresponded to a
distorted hydrogen bond geometry even in the crystal struc-
tures.
In the closed crystal structure, hydrogen bonding between
the side chains of Lys115 and Asp10 is proposed to act as a
‘doorkeeper’ that locks the glutamine ligand into the binding
pocket. Interestingly, residues 10 and 115 both lie in regions
where there is a signi¢cant di¡erence in dynamic £uctuations
(as measured by CK RMSFs ^ see Fig. 2C and above) be-
tween the apo and closed-ligand simulations. In the closed-
ligand simulation, the Lys115^Asp10 hydrogen bonds are
maintained, although dynamic swapping occurs between
equivalent hydrogens on the Lys-NQ and equivalent Asp-ON
oxygens throughout the simulation. In contrast, in the closed-
apo simulation, these hydrogen bonds were lost after approx-
imately 1.5 ns and never reformed. This is a further indication
of an enhanced degree of mobility in the closed-apo simula-
tion.
3.3. Essential dynamics
The motions of a protein may be broken down into their
principal components by essential dynamics analysis [34]. Ap-
plying such analysis to the CK atom motions of the three
simulations indicated that over 60% of these motions were
accounted for by the ¢rst three eigenvectors. Recent applica-
tion of such analysis to protein simulations [35,36] has sug-
gested that analysis of the cosine content of the principal
components provides an indicator of the extent of sampling.
Examination of the open-apo simulation reveals that the co-
Fig. 4. Detailed picture of the binding site showing key hydrogen
bonds from the hinge and the ‘doorkeeper’ (Asp10^Lys115). Gluta-
mine is shown in space¢ll representation.
Table 1
Inter-domain hydrogen bonds
Open-apo Closed-ligand Closed-apo
Tyr86:N^Gln184:OO1 Not observed Lost after V3.5 ns Maintained
Lys87:N^Gln184:OO1 Not observed Not observed Not observed
Ser88:OQ^Tyr185:OH Gained after V3.5 ns Maintained Lost after V1 ns
A cut-o¡ of 2.8 AO and 60‡ angle for the donor-H-acceptor was applied. All equivalent hydrogens were considered.
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sine content of eigenvectors 1, 2 and 3 was V0.42, 0.14 and
0.11 indicating that the di¡usive content of these eigenvectors
was relatively low and thus they reveal genuine conformation-
al transitions.
Filtering of the trajectories along each of the di¡erent ei-
genvectors allows visual inspection of the dominant motions
for the open-apo simulation (Fig. 5A^C). Perhaps surpris-
ingly, the motion associated with the ¢rst eigenvector can
best be described as a twisting motion with the two lobes of
the GlnBP moving in planes parallel to one another (Fig. 5A).
Although such a twisting motion for a periplasmic binding
protein has been suggested before [37], we did not expect
this to form such a large contribution. The second eigenvector
(Fig. 5B) corresponds more closely to a hinge-bending mo-
tion, enabling domain closure around the ligand. That this
eigenvector corresponds to the hinge-bending motion is high-
lighted in Fig. 3B where the hinge angle is plotted as a func-
tion of time for trajectories ¢ltered on the ¢rst three eigenvec-
tors. The correlation coe⁄cients of the hinge angle time series
from the ¢ltered trajectories with those from the ‘raw’ trajec-
tory are 0.12, 0.55 and 0.16 for the ¢rst, second and third
eigenvectors respectively. Thus it seems that the second eigen-
Fig. 5. Visual representation of the results of ¢ltering of simulation trajectories along the principal eigenvectors allows visual inspection of the
dominant motions. In each case the thickness of the sausage plot [31] indicates the extent of motion. Movements along the ¢rst three eigenvec-
tors of the open-apo simulation are shown in A, B and C respectively. A: Movement along the ¢rst eigenvector can best be described as a
twisting motion with the two lobes moving in parallel planes, as indicated by the grey arrows. B: Motion along the second eigenvector corre-
sponds to a hinge-bending motion (arrows) about a hinge at Ser88 and Gln183. C: The third eigenvector corresponds to a large loop motion
involving residues Ala96 to Lys110. In D a hinge-bending motion associated with the ¢rst eigenvector from the closed-apo simulation is shown.
This should be compared with that depicted in B for the open-apo simulation.
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vector is responsible for the hinge bending. The pivot point in
GlnBP for this motion is located at one end of the hinge
region suggested by [21]. This di¡ers from the reported hinge
point in maltose-binding protein [37] and lysine/arginine/orni-
thine-binding protein (LAOBP) [38]. We located the hinge
point for the second eigenvector motion using the program
Hinge¢nd [39]. Taking the two extreme projections along this
eigenvector, the axis of the hinge runs through the residues
Ser88 and Gln183 and the magnitude of the rotation is c. 30‡.
Applying Hinge¢nd on the two crystal structures (i.e. open-
apo vs. closed-ligand) gave a similar hinge location and a
rotation of c. 57‡. Thus the second eigenvector from the
open-apo simulation reproduces quite well the conformational
change suggested by the crystal structures.
The third eigenvector (Fig. 5C) corresponds to a movement
primarily associated with the loop region located between
residues Ala96 and Lys110. There is little indication of the
importance for this region for GlnBP recognition by its target
membrane transporter. However, we note with interest that
this region maps onto the region of the glutamate receptor,
GluR2, that is thought to be directly involved in the trans-
mission of the binding signal to the transmembrane ion chan-
nel [40,41].
We also performed essential dynamics analysis on the
closed-ligand and closed-apo simulations. The extent of the
movements in these simulations is reduced compared to the
open-apo simulation, making the assignment of distinct mo-
tions somewhat di⁄cult. However, a hinge-bending motion
could be assigned to the ¢rst eigenvector from the closed-
apo simulation (Fig. 5D). Such a motion might be expected
to dominate in the closed-apo simulation, leading eventually
to a complete transition to the open-apo state.
4. Conclusions
In summary, we have shown that the extent of motion of
GlnBP on a V5 ns time scale is related primarily to the
presence/absence of bound ligand and also, to a lesser extent,
to the initial degree of domain closure. The open-apo simu-
lation clearly exhibited signi¢cantly greater conformational
£uctuation than the closed-apo simulation, which in turn
showed a greater mobility than the closed-ligand system.
This is in agreement with (albeit shorter) simulations of the
structurally related ligand-binding domain of the rat GluR2
glutamate receptor [4]. The essential dynamics analysis re-
vealed that a twisting motion and a hinge-bending motion
are the dominant motions in the apo state of GlnBP. Hinge
bending coupled with a twisting motion has also been sug-
gested for the maltodextrin-binding protein [37] which shares
the same fold. A further motion is associated with the loop
region between Ala96 and Lys110. How this relates to recog-
nition of GlnBP by its target membrane transporter remains
uncertain, but it is interesting to note that LAOBP and the
HisJ (histidine-binding) protein exhibit a high sequence sim-
ilarity (V90%) in this region and share the same membrane
transporter as one another [14]. The glutamine-binding pro-
tein has a distinct transporter associated with it and is not
homologous to LAOBP in this region. Moreover, this region
may be important for signal transmission in the ligand-bind-
ing domain of the ionotropic glutamate receptors [40,41].
Of course, we are aware that sampling of conformational
change is incomplete in these simulations. There are a number
of simulation approaches, including essential dynamics, by
which this problem may be addressed [42]. For a number of
ligand-binding proteins, one would like to predict the confor-
mational changes from only one form of the protein. The
results of the essential dynamics analysis for GlnBP suggest
that simulations based on an open-apo structure may be more
immediately productive in this respect. Such a simulation is
likely to sample the closed conformation(s) if run forV10 ns
or more given the upper limits implied by the kinetic data [22].
If one could identify a tight-binding closed-ligand conforma-
tion (perhaps by ligand-docking approaches) then prediction
of ligand-induced conformational transitions becomes feasi-
ble.
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